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Human immunodeficiency virus type-1 (HIV-1) Rev overcomes negative elements within viral RNAs to allow expression
of gag, pol, and env. The effect of Rev on protein and RNA expression of HIV-1 protease (PR)-containing constructs was
investigated utilizing transient transfection of COS cells. Rev, through the Rev response element (RRE), resulted in a large
increase in proteolytic activity and cytoplasmic RNA accumulation. Furthermore, Rev increased the level of total RNA
produced by a PR-containing construct. The increase in cytoplasmic RNA accumulation in the presence of Rev indicated
the presence of cis-acting repressor sequences (CRS) within the RNA produced by this construct. Therefore, components
of the construct were analyzed for CRS activity. PR sequences in both sense and antisense orientations exhibited CRS
activity. RRE sequences alone conferred a small CRS effect. Additional CRS activity was present within an unspliced RNA
containing only nef and LTR sequences. These results indicate a novel form of cis-acting repressor activity within HIV-1
PR; this activity is exerted regardless of the orientation of PR and appears to function at the level of cytoplasmic or nuclear
RNA stability. q 1997 Academic Press
INTRODUCTION sdale and Baker, 1995; Dyhr and Kjems, 1995; Mikaelian
et al., 1996; Tan et al., 1996). CRS may result in decreased
Human immunodeficiency virus type-1 (HIV-1) is a
expression through the enhancement of splicing, preven-
complex retrovirus with a genome that includes gag, pol,
tion of nuclear export, destabilization of RNA, or preven-
and env genes, as well as genes encoding accessory
tion of RNA translation (Chang and Sharp, 1989; Arrigo
proteins. The virus utilizes several posttranscriptional
and Chen, 1991; Cochrane et al., 1991; Maldarelli et al.,
regulatory mechanisms to achieve the coordinated ex-
1991; Olsen et al., 1992; Schwartz et al., 1992a, b; Reddy
pression of this array of genes. The regulatory proteins
et al., 1995; Tan and Schwartz, 1995; Tan et al., 1996).
Tat, Rev, and Nef are all encoded by fully spliced RNAs
HIV-1 Rev binds to the RRE within unspliced and partially
(for review see Morrow et al., 1994). Gag, Pol, Env, and
spliced RNAs and relieves the negative effects associ-
other accessory proteins are encoded by unspliced and
ated with CRS activity (Hadzopoulou et al., 1989). Since
partially spliced RNAs. The expression of the unspliced
Rev encodes a nuclear export signal, it is likely that a
and partially spliced classes of RNA is dependent upon
major function of Rev is to promote the nuclear export
the regulatory protein Rev (Feinberg et al., 1986; Sodroski
of RRE-containing mRNAs (Fischer et al., 1994, 1995).
et al., 1986). The requirement for Rev is conferred by
The HIV-1 protease (PR) is encoded by pol and func-
cis-acting repressor sequences (CRS), which decrease
tions to cleave the Gag and GagPol precursors into theexpression in the absence of Rev (for review see Dayton,
individual structural and enzymatic proteins necessary1996). CRS have been localized to gag (Schwartz et al.,
for formation of a mature virus particle (Kramer et al.,1992a, b), pol (Cochrane et al., 1991; Maldarelli et al.,
1986; Kohl et al., 1988). We had previously shown that1991; Olsen et al., 1992; Luukkonen et al., 1995), and env
PR could function in the context of a heterologous fusion(Rosen et al., 1988; Keller et al., 1993; Nasioulas et al.,
protein with HIV-1 Nef and exhibit a high level of proteo-1994). The Rev response element (RRE) has also been
lytic cleavage (Arrigo et al., 1995). We also demonstratedshown to confer CRS activity (Brighty and Rosenberg,
that the inducible expression of a fusion protein con-1994; Churchill et al., 1996). In addition to the demonstra-
taining multimers of PR could efficiently inhibit the repli-tion of inhibitory regions within intronic sequences,
cation of HIV-1 within cultured mammalian cells (Arrigosplice sites have also been shown to function as CRS
and Huffman, 1995). Although this construct required Tat(Chang and Sharp, 1989; Hammarskjo¨ld et al., 1994; Bark-
for high-level PR expression, an additional level of control
was desirable to minimize basal expression and max-
1 To whom correspondence and reprint requests should be ad- imize specific viral induction of PR. Therefore, we wished
dressed at Department of Microbiology and Immunology, Medical
to introduce the requirement for Rev into this construct,University of South Carolina, Basic Science Building, Room 201, 171
through the addition of CRS. We expected that, in theAshley Avenue, Charleston, SC 29425-2230. Fax: (803) 792-2464. E-
mail: arrigosj@musc.edu. absence of Rev, the introduced CRS would serve to
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downregulate PR expression. In the present study, we microliters of the cytoplasmic extract was mixed with an
equal volume of sample buffer (8 mM Tris, pH 8.0, 2.0%have analyzed the effect of Rev on the expression of
these PR-containing constructs and characterized the SDS, 0.1 M DTT, 10% glycerol, 0.1% bromophenol blue)
and resolved on a SDS/polyacrylamide gel (10%) run inCRS activity present within viral sequences.
the Laemmli buffer system (Laemmli, 1970). The proteins
were transferred to nitrocellulose using a Transblot ap-MATERIALS AND METHODS
paratus (Bio-Rad) using 25 mM Tris, 192 mM glycine,
Plasmid constructions 20% w/v methanol as the blotting buffer. The membrane
was blocked for 12 hr with 5% BSA in TBST (20 mM Tris,The constructs LTRPR, LTRDNef, and CSF-A have
pH 7.6, 150 mM NaCl, 0.05% Tween 20). The membranebeen previously described (Arrigo et al., 1995; Arrigo and
was then subjected to incubation with human anti-HIV-Huffman, 1995). A 300-basepair fragment containing RRE
1 [dilution 1:4000; (Prince et al., 1988, 1991)] for 30 min,sequences was generated by PCR mutagenesis (Camp-
biotinylated goat anti-human Ig antiserum (1:4000; Amer-bell et al., 1996), digested with SpeI, and introduced into
sham) for 30 min, and streptavidin-biotinylated horserad-LTRPR digested with XbaI to create LTRPR/RRE. The
ish peroxidase complex (1:2000; Amersham) for 20 min.SpeI–SpeI restriction enzyme fragment containing RRE
All incubations were performed in TBST and the mem-sequences was introduced into LTRPR digested with
branes were rinsed twice and washed (5 min) twice withSpeI–XbaI (removes the PR sequences) to generate LTR/
TBST between each of the incubations. A final 10-minRRE. DPR//RRE and DPR0/RRE were generated by iso-
wash was also performed. The membrane was then de-lation of the SpeI– XbaI restriction fragment (contains mu-
veloped using the ECL system (Amersham) and exposedtant PR sequences) from LTRNefDPR3 (Arrigo et al.,
to film (X-OMAT-AR, Kodak).1995) and introduction into LTR/RRE digested with SpeI.
SVDrev was generated using DR mutagenesis (Gatlin et
Quantitative RNA PCRal., 1995) using pSV-rev (Rekosh et al., 1988; Smith et al.,
1990) as a template and the oligonucleotide primers 5*- Cells were harvested as previously described (Fa-
ACCAACTAGTGTCGCTGTCTCCGCTTCTTCCTGCCAT- varo and Arrigo, 1997) except that total cellular extracts
3* and 5*-ACCAACTAGTTTCTGGGACGCAGGGGGTGG- were prepared by resuspending cells in 300 ml PBS.
GAAGCC-3*. RNA was prepared and analyzed as previously de-
scribed (Arrigo et al., 1991). RNA was amplified usingTissue culture and transfection
the following oligonucleotide primers: LDR1, 5*-GAA-
COS-1 cells were maintained in Iscove’s medium sup- CAGGGACCGGAAAGCG-3* (nt 644 – 662 of HIV-1JR-
plemented with 1% Pen/Strep (BRL/Gibco), 0.5% gluta- CSF) and CR2, 5*-CTCTCAAGCGGTGGTAGCTG-3* (nt
mine (BRL/Gibco), 10% fetal calf serum (BRL/Gibco), and 8547 – 8510 of HIV-1JR-CSF).
10 mg/ml ciprofloxacin (Miles). Cells were electroporated
as previously described (Arrigo et al., 1995). A confluent RESULTS
75-cm2 plate of COS-1 was resuspended in 6.5 ml of
Effect of insertion of the RRE into an HIV-1 PR-electroporation medium, and 1 ml of the resuspended
containing constructcells was electroporated with 30–85 mg of plasmid DNA.
Some experiments included pSV-rev (Rekosh et al., 1988; We wished to maximize the specific regulation of PR
Smith et al., 1990) or pSVtat (Arrigo et al., 1995). If neces- expression within the LTRPR construct by introducing the
sary, total DNA was adjusted to equivalent concentra- dependence upon the HIV-1 Rev protein for PR expres-
tions with SVDrev or pSV2neo (Southern and Berg, 1982). sion. The experimental approach was to insert both the
Cells were incubated for 18 hr before harvest for RNA or RRE and a CRS into the construct. It was expected that
protein. In some experiments, ß-galactosidase activity the presence of the RRE should allow the binding of Rev
assays were performed to control for transfection effi- to the RNA and allow regulated expression of PR; in the
ciency. Cells were cotransfected with 25 mg of a b-galac- absence of Rev, the CRS would downregulate the basal
tosidase expression vector, CMVß-gal (Invitrogen). expression of PR from the construct. This approach
Assays were performed as described by the manufac- would allow a more precise control of the expression of
turer using 5–30 ml of cytoplasmic extract. PR, maximizing the selective expression of PR in infected
cells and minimizing nonspecific expression of PR inWestern blotting
uninfected cells. In order to assess the potential for the
regulation of PR expression from the construct by Rev,Cells were harvested by centrifugation at 900g for 5
min. Cells were washed twice in PBS (137 mM NaCl, 3 sequences encoding the RRE were inserted into the
LTRPR construct, resulting in the generation of themM KCl, 1.5 mM KH2PO4 , 8 mM Na2HPO4) and lysed in
100 ml Nonidet-P40 (NP-40) lysis buffer (0.65% NP-40, LTRPR/RRE construct (Fig. 1). Various amounts of LTRPR
and LTRPR/RRE were cotransfected with the CSF-A con-0.15 M NaCl, 10 mM Tris, pH 7.8, 1.5 mM MgCl2). Nuclei
were removed by centrifugation (900 g/2 min). Fifteen struct. The CSF-A construct expresses Tat, Rev, Env, and
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FIG. 1. Schematic representation of constructs generated to examine Rev-regulated expression. A stippled box indicates the Nef leader sequences
and a gray box represents the Nef 3* sequences within each construct. White boxes represent the RRE sequences. Black boxes represent the
location of PR-containing sequences. The mutant PR is denoted by a white box within a black box. Arrows indicate sense or antisense orientation
of the PR sequences.
a 53-kDa Gag protein (Arrigo and Huffman, 1995). The transfections containing less of this construct. The p24/
25 CA processed product appeared only in transfectionsproduction of Tat by CSF-A should allow induction of PR
expression from the LTR-driven PR constructs. The Gag/ containing 30 and 10 mg of LTRPR. In contrast, the p24/
25 CA processed product appeared in transfections con-Vpr precursor protein produced by the CSF-A construct
should serve as a substrate for PR and allow an assess- taining only 1.1 and 0.37 mg of LTRPR/RRE. In other ex-
periments, use of equivalent amounts of LTRPR andment of intracellular PR activity. Cytoplasmic extracts
were prepared from half of the cells and subjected to LTRPR/RRE resulted in large differences in apparent PR
activity. Comparison of the level of the p24/25 CA pro-Western blot analysis using human anti-HIV antisera (Fig.
2A). In all transfections with CSF-A, gp 120/160 Env and cessed product indicated that 1.1 mg of LTRPR/RRE pro-
duced more of this cleavage product than 10 mg of53-kDa DGag/Vpr proteins were detected. The p41
cleavage product could be detected in all transfections LTRPR. Similarly, 0.37 mg of LTRPR/RRE produced more
of this cleavage product than 3.3 mg of LTRPR. Thesewith the LTRPR construct and appeared to decrease in
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struct containing the RRE. Since the large increase in
cytoplasmic RNA in the presence of the RRE was not
accompanied by any decrease in the level of nuclear
RNA, it appeared that the presence of the RRE might be
causing an overall increase in the total level of RNA
within the cell.
Rev increases the level of total RNA produced by a
PR-containing construct
The large induction of PR activity and cytoplasmic RNA
accumulation by the RRE could be due to either a direct
effect of the RRE or an effect of Rev, enabled by the
presence of the RRE. It was not possible to discriminate
between these two possibilities in the preceding experi-
mental system. Therefore, in order to determine the effect
of Rev on the accumulation of cytoplasmic RNA produced
by PR-containing constructs, LTRPR and LTRPR/RRE
were transfected into cells in the presence or in the
absence of a Rev-producing plasmid. The experiment
was performed in duplicate. A CMVb-gal construct was
included in all transfections to control for differences inFIG. 2. Effect of RRE sequences on proteolytic activity and RNA
transfection efficiency. Half of the cells were harvesteddistribution produced by PR-containing constructs. COS cells were
and used to measure b-galactosidase activity. The othertransfected with 50 mg of CSF-A and 30, 10, 3.3, 1.1, or 0.37 mg of the
indicated PR-containing construct. At 18 hr posttransfection, the cells half of the cells were harvested and total cellular RNA
were harvested. (A) Cytoplasmic extracts were prepared from half of was prepared. RT-PCR was performed to determine the
the harvested cells. Protein expression was analyzed by Western blot
level of total RNA produced by the PR-containing con-using anti-HIV-1 antisera. The locations of HIV-1-specific protein prod-
structs (Fig. 3). The presence of Rev had little or no effectucts are indicated by arrows. The locations of molecular mass markers
on the level of RNA produced by the LTRPR construct.(in kilodaltons) are shown. (B) Half of the cells from transfections con-
taining 1.1 or 0.37 mg of the indicated PR-containing construct were In contrast, the presence of Rev resulted in a substantial
fractionated into cyto 1, cyto 2, and nuclear fractions. RNA was pre- increase in the level of RNA produced by the LTRPR/RRE
pared from each fraction and analyzed by RT-PCR using HIV-1-specific
construct. This did not appear to be due to differences inprimers to detect the indicated RNAs. Threefold dilutions of RNA from
transfection efficiency, since analysis of b-galactosidasetransfected cells were used to demonstrate the quantitative nature of
activity produced in each transfection indicated that thethe RT-PCR analysis.
LTRPR/RRE construct cotransfected with Rev actually
demonstrated approximately 40% less b-galactosidase
results indicated that the addition of the RRE to LTRPR
activity than when transfected without Rev. This reduc-
produced a greater than ninefold increase in proteolytic
tion in b-galactosidase activity might be due to a cyto-
activity directed by the LTRPR construct.
toxic effect of overexpression of PR (Kaplan and Swans-
To determine the level at which the RRE functioned
to allow the increase in proteolytic activity of the PR-
containing construct, we analyzed the level and distribu-
tion of RNA produced by LTRPR and LTRPR/RRE con-
structs using two different amounts of input DNA (1.1
and 0.37 mg). Half of the cells from the transfections
shown in Fig. 2A were harvested using a three-step frac-
tionation protocol (Favaro and Arrigo, 1997). This proce-
dure generates two cytoplasmic fractions and a nuclear
fraction. RNA was prepared from each of these fractions
and analyzed by RT-PCR for RNA expression from the
FIG. 3. Effect of Rev on total RNA levels produced by PR-containing
PR-producing construct (Fig. 2B). For a given amount of constructs. COS cells were transfected with 1 mg of each indicated
PR-producing construct, the presence of RRE resulted construct in the presence (/) or in the absence (0) of 30 mg of a Rev-
producing construct. Each transfection also included 5 mg of a Tat-in a substantially higher level of cytoplasmic RNA. The
producing construct to allow expression from the LTR-driven con-addition of the RRE also resulted in an increase in the
structs. The cells were harvested at 18 hr posttransfection. Total cellularratio of cytoplasmic to nuclear RNA. These results indi-
RNA was prepared and analyzed by RT-PCR using HIV-1-specific prim-
cated that an increase in the level of cytoplasmic RNA ers to detect the indicated RNAs. Threefold dilutions of RNA from trans-
with the construct containing the RRE correlated with the fected cells were used to demonstrate the quantitative nature of the
RT-PCR analysis.increase in proteolytic activity observed with the con-
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were examined by RT-PCR. As controls, LTRDNef and
LTR/RRE were also transfected in parallel. The results
are shown in Fig. 5. The presence of RRE sequences
alone resulted in a slight reduction in the ratio of cyto-
plasmic to nuclear RNA. However, the presence of PR
sequences in either orientation resulted in a larger de-
crease in the ratio of cytoplasmic to nuclear RNA. These
results indicated that PR sequences, in either orientation,
introduced CRS activity into the RNA. The magnitude ofFIG. 4. Effect of RRE and PR sequences on RNA distribution in the
absence of Rev. COS cells were transfected with 1 mg of each indicated this effect was not particularly large, in agreement with
construct. Each transfection also included 5 mg of a Tat-producing that seen in Fig. 4 for the LTRPR/RRE and LTRPR con-
construct to allow expression from the LTR-driven constructs. The cells structs.
were harvested at 18 hr posttransfection and fractionated into cyto 1,
cyto 2, and nuclear fractions. RNA was prepared from each fraction
Characterization of Rev-responsivenessand analyzed by RT-PCR using HIV-1-specific primers to detect the
indicated RNAs. Threefold dilutions of RNA from transfected cells were The overall level of CRS activity conferred by PR se-
used to demonstrate the quantitative nature of the RT-PCR analysis.
quences did not appear to be sufficient to account for
the large differences in protein and RNA expression seen
with LTRPR/RRE in the absence and in the presence oftrom, 1991a, b; Krausslich, 1991; Arrigo et al., 1995).
Rev (Figs. 2A and 2B). To better resolve this apparentThese results indicated that Rev, through the RRE, was
contradiction, the effect of Rev on the expression of RNAable to increase the level of total RNA produced by the
was further examined. LTRDNef and LTR/RRE wereLTRPR/RRE construct.
transfected into COS cells and fractionated RNAs were
examined by RT-PCR. The results are shown in Fig. 6A.Characterization of CRS activity in the absence of Rev
The addition of Rev resulted in little or no change in the
In the presence of Rev, the LTRPR/RRE construct dem- ratio of cytoplasmic to nuclear RNA produced by the
onstrated an increase in total and cytoplasmic RNA lev- LTRDNef construct. In contrast, the addition of Rev re-
els. This indicated the presence of CRS activity within sulted in a small increase in the ratio of cytoplasmic to
the RNA produced by this construct. In order to character- nuclear RNA produced by the LTR/RRE construct. This
ize this CRS activity, LTR/RRE and LTRDNef constructs increase was reproducibly seen. To assess the effect
were generated. Both of these constructs were deleted of PR sequences, DPR//RRE, DPR-/RRE, and LTR/RRE
for PR sequences; the LTRDNef construct was also de- were transfected into COS cells and fractionated RNAs
leted for RRE sequences. These constructs were trans- were examined by RT-PCR. The results are shown in Fig.
fected into COS cells and fractionated RNAs were exam- 6B. Similar to the results seen in Fig. 6A, the addition of
ined by RT-PCR. Since Rev was not included in the trans- Rev resulted in a small increase in the ratio of cyto-
fections, the comparison of RNA distributions with these plasmic to nuclear RNA produced by the LTR/RRE con-
constructs should allow an assessment of any CRS activ- struct. The addition of Rev resulted in a much larger
ity present within either PR or RRE sequences. The re- increase in the ratio of cytoplasmic to nuclear RNA pro-
sults are shown in Fig. 4. The presence of RRE se- duced by the PR-containing constructs. These results
quences alone resulted in a slight reduction in the ratio indicated that the PR-containing constructs contained a
of cytoplasmic to nuclear RNA. However, the presence
of PR sequences alone resulted in a larger decrease in
the ratio of cytoplasmic to nuclear RNA. This decrease
was similar to the decrease seen in the presence of both
RRE and PR sequences. This effect was reproducibly
seen. These results demonstrated that CRS activity was
present within PR sequences. However, the relatively low
overall level of CRS activity that was demonstrated with
PR sequences did not appear to be sufficient to account
for the differences in RNA and protein seen in the pres-
FIG. 5. Effect of PR sequence orientation on RNA distribution in
ence and in the absence of Rev with LTRPR/RRE (Figs. the absence of Rev. COS cells were transfected with 25 mg of each
2A and B). indicated construct. Each transfection also included 25 mg of a Tat-
producing construct to allow expression from the LTR-driven con-The DPR//RRE and DPR-/RRE constructs (Fig. 1)
structs. The cells were harvested at 18 hr posttransfection and frac-were generated to assess the orientation dependence
tionated into cyto 1, cyto 2, and nuclear fractions. RNA was preparedof the CRS activity within PR. Both constructs contained
from each fraction and analyzed by RT-PCR using HIV-1-specific
an active site mutation of PR to eliminate any impact of primers to detect the indicated RNAs. Threefold dilutions of RNA
the expression of an active protease. These constructs from transfected cells were used to demonstrate the quantitative
nature of the RT-PCR analysis.were transfected into COS cells and fractionated RNAs
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1989; Malim and Cullen, 1993). Rev was also shown to
increase the total cellular RNA produced by constructs
which contained a 218-nucleotide inhibitory sequence
from p17Gag (Schwartz et al., 1992b).
While the overall effect of Rev on RNA production from
PR-containing constructs (Rev-responsiveness) was rela-
tively large, the effect of PR and RRE sequences on the
level of RNA in the absence of Rev (CRS activity) was
relatively small. How can this apparent contradiction be
explained? One explanation of these results is that the
LTRDNef sequences actually retain a low level of CRS
activity. The addition of an RRE to this construct, to gener-
ate LTR/RRE, adds an additional level of CRS activity.
Sequences overlapping the RRE have been shown to
confer CRS activity in other experimental systems
(Brighty and Rosenberg, 1994; Churchill et al., 1996). The
addition of the RRE also allows the observation of RNA
levels in the presence and in the absence of Rev. The
addition of Rev to the LTR/RRE construct results in a
small, but reproducible, increase in cytoplasmic RNA ac-FIG. 6. Effect of Rev on RNA distribution. (A) COS cells were trans-
fected with 25 mg of each indicated construct in the presence (/) or cumulation. This increase may represent the ability of
in the absence (0) of 25 mg of a Rev-producing construct. Each trans- Rev to counteract the CRS activity present within both
fection also included 25 mg of a Tat-producing construct to allow ex-
LTRDNef sequences and the RRE sequences. The pres-pression from the LTR-driven constructs. (B) COS cells were transfected
ence of PR sequences results in an additional level ofwith 50 mg of each indicated construct in the presence (/) or in the
absence (0) of 3.4 mg of a Rev-producing construct. Each transfection CRS activity; therefore, the addition of Rev to the LTRPR/
also included 25 mg of a Tat-producing construct to allow expression RRE construct leads to a more pronounced increase in
from the LTR-driven constructs. The cells were harvested at 18 hr cytoplasmic RNA accumulation. The cumulative effects
posttransfection and fractionated into cyto 1, cyto 2, and nuclear frac-
of the CRS activities present in LTRDNef sequences,tions. RNA was prepared from each fraction and analyzed by RT-PCR
RRE sequences, and PR sequences together appear tousing HIV-1-specific primers to detect the indicated RNAs. Threefold
dilutions of RNA from transfected cells were used to demonstrate the be responsible for the magnitude of the increase in cyto-
quantitative nature of the RT-PCR analysis. plasmic RNA accumulation seen in the presence of Rev
with LTRPR/RRE. Similar cumulative effects of CRS have
been demonstrated with CRS in both gag and envsubstantial level of CRS activity that could be overcome
(Schwartz et al., 1992a; Nasioulas et al., 1994).by Rev.
The CRS in PR appeared to exhibit the same level
of CRS activity, regardless of the orientation of these
DISCUSSION sequences within the RNA. No other CRS element has
been shown to function in an orientation-independentThe insertion of an RRE into a PR-expressing construct
manner (Cochrane et al., 1991; Keller et al., 1993; Tanresulted in a greater than ninefold increase in the level
and Schwartz, 1995). The orientation independence ofof PR activity. Analysis of RNA by RT-PCR indicated that
the PR CRS may indicate that an RNA structure is respon-the difference in PR activity was correlated with a differ-
sible for this CRS activity. This may also be indicative ofence in cytoplasmic RNA accumulation. The RRE itself
a difference in the mode of action of this CRS and pre-was not responsible for this effect; rather, the RRE was
viously described CRS. In an earlier report, the presencemediating the effect of Rev. Not only was cytoplasmic
of RRE sequences in a PR-containing construct also re-RNA accumulation increased by Rev; the total RNA level
sulted in an increase in PR activity (Luukkonen et al.,was also increased. This increase in total RNA was most
1995). These results suggested the presence of a CRSlikely due to an increase in RNA stability at either the
in PR; however, this possibility was not further investi-nuclear or the cytoplasmic level. The increase in cyto-
gated. We have attempted to further localize the CRSplasmic RNA in the presence of Rev might be due to an
activity within PR. Deletions of either 3* or 5* terminalincrease in cytoplasmic RNA stability. Alternatively, this
PR sequences, from constructs containing PR in eitherincrease might be due to an increase in nuclear RNA
orientation, resulted in the loss of most CRS activity (datastability coupled with an increase in nuclear export. Aug-
not shown). Therefore, further localization of the precisementation of RNA stability by Rev has been documented
sequences responsible for CRS activity was unsuccess-in several experimental systems. In experiments utilizing
ful. Other groups have also been frustrated in their at-actinomycin D to block transcription, Rev was shown to
increase the half-life of unspliced RNAs (Felber et al., tempts to localize CRS to specific nucleotide sequences
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abnormal branch site selection in splicing of an HIV-1 transcript in(Schwartz et al., 1992a; Cochrane et al., 1991; Maldarelli
vitro. J. Biol. Chem. 270, 24060–24066.et al., 1991).
Favaro, J. P., and Arrigo, S. J. (1997). Characterization of Rev functionThe LTRPR construct demonstrated detectable levels using subgenomic and genomic constructs in T and COS cells. Virol-
of PR activity at even low levels of input DNA (Fig. 2A). ogy 228, 29–38.
Therefore, the CRS activity present within LTRPR did not Feinberg, M. B., Jarrett, R. F., Aldovini, A., Gallo, R. C., and Wong, S. F.
(1986). HTLV-III expression and production involve complex regula-prevent the expression of PR. The LTRPR/RRE construct
tion at the levels of splicing and translation of viral RNA. Cell 46,exhibited a similar level of CRS activity. These results
807–817.indicate that the CRS activity within this construct only
Felber, B. K., Hadzopoulou, C. M., Cladaras, C., Copeland, T., and Pav-
partially inhibits production of PR. The ability to detect lakis, G. N. (1989). rev protein of human immunodeficiency virus type
even low levels of PR activity should allow measurement 1 affects the stability and transport of the viral mRNA. Proc. Natl.
Acad. Sci. USA 86, 1495–1499.of additional CRS added to this construct. Therefore, this
Fischer, U., Huber, J., Boelens, W. C., Mattaj, I. W., and Luhrmann, R.experimental system may provide an extremely sensitive
(1995). The HIV-1 Rev activation domain is a nuclear export signalassay system for the analysis of other sequences for
that accesses an export pathway used by specific cellular RNAs.
CRS activity. The ability to further reduce basal PR ex- Cell 82, 475–483.
pression by the introduction of additional CRS should Fischer, U., Meyer, S., Teufel, M., Heckel, C., Luhrmann, R., and Raut-
also allow for maximal regulation of PR in future applica- mann, G. (1994). Evidence that HIV-1 Rev directly promotes the nu-
clear export of unspliced RNA. EMBO J. 13, 4105–4112.tions as an antiviral gene.
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rapid (DR) mutagenesis of large plasmids using PCR. Biotechniques
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